This paper presents a control scheme regarding to improve the performances of a piezoelectric actuator (PEA) for precise positioning tasks. The piezoelectric actuator exhibits strong nonlinear disturbances for 1-and 2-DOF motion, i.e. input-dependent hysteresis, creep and cross-couplings. These unwanted phenomena undeniably compromise the final precision of the targeted tasks (micromanipulation) and therefore it should be conveniently considered during the controller synthesis. In this regard, the dynamic equation is also split into a nominal model and a uncertain model including parametric uncertainties. We propose to use simultaneously a the discrete linear extended-state linear Kalman filter (ES-LKF), to estimate the aforementioned disturbances and the velocity, and Lyapunov-based controller to guarantee asymptotic stability while meeting the actuator limits. The proposed strategy permits to perform accurate positioning, for regulation and trajectory-tracking tasks, without a prior knowledge of parametric and unmodeled uncertainties. Real-time experiments were carried out with circular trajectories to demonstrate the efficiency of the proposed approach.
parametric and dynamic uncertainties, bounded-input controller.
Introduction
These last years, the advance of microrobotics has increasingly enhanced dif-2 ferent applications. Particularly, in micromanipulation applications, technologies based on piezoelectric actuators represent a wide spectrum ranging from 4 walking actuators, multi-DOF positioning systems to manipulation (transport and pick-and-place) of micro-sized objects. The advantageous performances 6 profile provided by piezoelectric actuators (PEAs), bandwidth and resolution, is however degraded by static and dynamic disturbances (hysteresis and creep).
8
Such PEAs adverse behavior depends on both current and past inputs. Hysteresis arises either in static regime (constant inputs) or dynamic regime (fast-/slow-10 time varying inputs). Furthermore, multi-DOF micropositioning applications bring unwanted cross-couplings for both sequenced or simultaneous motions.
12
The control of PEAs has been addressed using feedforward and feedback control approaches, or a combination of both. Feedforward-based schemes rely 14 on the accuracy of the PEA's model and thus its inverse is able to compensate hysteresis reaching desired displacements. In the feedforward control of On the other hand, feedback control has been used to deal with the motion 28 control of PEAs. In this case, the controller's performances will be as good as the quality of the measurements and/or the estimation of the system's states, 30 which in practice are noisy and/or missing (e.g. only position measurement is available). Two control applicative categories might be distinguished based on 32 the control operational regime:
• Regulation Task 
38
• Trajectory-tracking Task
The aforementioned parasitic disturbances become dynamic. Therefore, 40 robust control schemes are required to overcome significant uncertainties. tectures. We are interested on (at micro/nano level) measurement resolution, displacement, and the accuracy of them and eventually their dynamics (see [20] ).
Recent works encompass sliding-mode control (SMC)
,
54
For this reason, it is important to have reliable sensory systems featuring such performance.
56
The present paper addresses a multi-DOF piezoelectric micro-positioning actuator devoted to dexterous micro-positioning tasks. The worst-case sce- terms, dynamic and parametric, are condensed into a overall lumped disturbance which will be further estimated. In order to overcome such evoked issues, we 
Dynamic Modeling of the Piezocantilever

96
The actual paper considers as reference model for the piezocantilever the Bouc-Wen model of hysteresis, which corresponds to a cascade structure fea-
98
turing a static hysteresis model plus a second order linear dynamic system (see The nonlinear equations which model the behavior of the multi-DOFs piezocantilever are written as
where δ i is the motion of the i−axis, i ∈ {y, z} correspond to the bi-axial displacement, A bwi , B bwi and C bwi are coefficients determining the hysteresis shape In our case, these parameters are set to a typical (or average) specifications of 110 the piezocantilever.
Model Extension
112
Single-axis positioning evolves in presence of hysteresis H i and creep C i , whereas, a bi-axial motion introduces a novel disturbances, generated by a dynamic input-interconnection couplings. The coupling effects are depicted (see Fig. 2 ). Such adverse couplings increase during simultaneous 2D operations, i.e.
tracking a time-varying circular trajectories. From the latter we can regroup creep (for details see [4] ) cross couplings into a generalized disturbance Θ i , i.e.
which allows to rewrite the nonlinear model (Equ. 1) as
where C i the creep terms, I i the interconnection disturbances (couplings). Moreover, in some cases the accuracy of the coefficients of the dynamic equation is rewritten as
where ( 
with
Experimental Setup Description
The experimental positioning system features a 2DOF piezocantilever which 114 evolves along the y and z axes. This actuator is designed with 36 piezo-electric layers to work at low input voltage. The total dimensions of the active part 116 are 25x1x1 mm 3 . This cantilever is controlled by two inputs U y and U z that are varying in the range of ±20 volts. The first extremity of the cantilever is 118 clamped while the other moves within the 2D y-z plane based on the input U i with i ∈ {y, z} (see Fig. 3 ). 
Model Identification
The parameters corresponding to the coefficients of the dynamic equation The cantilever displacement in the 2D yz-plane is given by δ i , with i ∈ {y, z}.
128
The measurement of δ i is acquired by two external confocal sensors orthogonally arranged aiming at the the piezocantilever's tip (see Fig. 3 ). micro-positioning task of the piezocantilever. The Linear Kalman Filter (LKF)
is derived from a 2 nd -order continuous state-space system
where the state vector x = (δ i ,δ i ) T . This model considers the following hypoth-132 esis:
H1. The pair AC verifies the observability property H2. The terms ω(t) = (ω δi , ωδ i ) T and ν(t) = (ν δi , νδ i ) T stand for a white
Gaussian random process respectively and represent the uncertainties in the process and outputs (sensors). Such terms verify
with constant power spectral density (PSD) W (t) and V (t) respectively.
The covariance matrix of the model
The sensor covariance matrix
It is also assumed that both stochastic processes are not correlated, i.e.
E ω(t)ν(t) T = 0 (11)
Disturbance Estimation Based on ES-LKF
136
Let us recall the piezocantilever model given by Equ. 5
This model corresponds to two scalar disturbed systems defining the motion behavior along y and z axes (see Fig. 6 ). This model may be rewritten into the state-space representationẋ
The positions δ i are provided by the confocal chromatic sensors and d = Θ i corresponds to the dual-axis disturbance. The velocity is obtained via the estimation provided by the LKF. The matrices of the system (Equ. 13) are given by:
It is assumed that no prior information about the disturbance is available.
However, we consider that the disturbance has a slow time-varying dynamics that can be modeled by a random walk procesṡ
where
The latter assumption allows us to introduce an extended state-space vector: 
with and considering a zero-order hold (zoh) yield
where ω k and ν k are discrete-time band-limited white gaussian random process with zero-mean characterizing uncertainties on the model (unmodeled dynamics and parametric uncertainties) and measurement (noisy sensors) equations, respectively. The model uncertainties discrete covariance matrix Q k is:
where the continuous covariance matrix stands for
The algorithm that computes the estimate (including the disturbance Θ i ) of the state vector x e k is initialized as follows:
144
• The piezocantilever-based micro-positioning system is in the equilibrium 
• The initial covariance matrix P 0 is considered as
The corresponding LKF recursive algorithm features a prediction-estimation structure and is provided next
Prediction stagê
Estimation stage
where K k denotes the Kalman filter gain, and I is the identity matrix. The estimated vector state generated by the LKF is the written:
For the actual work it was considered
with C d = (0, 0, 1) Let us remind the dynamic model by assuming that the voltage u(t) is within
Where we have dropped the subscript i and N to avoid notation abuse. Since we are concerned on solving the trajectory tracking problem, the latter dynamic model is rewritten in terms of the error ξ. To do so, the control input must contain the reference dynamicδ d . Thus, the control input is written
where u will be designed later. Introducing (Equ. 35) in (Equ. 34) leads to cancel out the nominal dynamics, after an arbitrary time t 1 , since the piezocantilever features a stable behavior, i.e.
Through (Equ. 35) it is possible to perform a coordinates change allowing to rewrite the system in terms of the error.
controller system 
Stability Analysis
Before proceeding with the control design, let us present the following useful
where χ ∈ R n . In order to synthesize the controller we use the Backstepping technique. Backstepping starts (stabilizes) with the first integrator (position)
by introducing a virtual controller and continue in this sense until reaching the control input at the last step (for details see [21] ).
Step 1: Let us propose the Candidate Lyapunov Function (CLF) to deduce a control that provide global asymptotic stability (GAS) for the first integrator subsystem (Equ.38a)
whose the time-derivativeV
using P2 (Equ.39) is rewritten aṡ
which is rendered negative-definite (V 1 (ξ) < 0) provided that
where λ 1 is a positive scalar gain. Hence, we can conclude that ξ 1 is not only 168 stable but also converges asymptotically to the origin.
Step 2: Let us define an error state variable z for ξ 2 , where the previous virtual controller is used as a reference in order to impose a constrained behavior, i.e.
from which the state is given
Differentiating (Equ.43) yield
At this point, using (Equ.44) and (Equ.45), the model (Equ.38)
Let the final CLF be
Obtaining the corresponding time-derivative of V 2 (ξ 1 , z) and using P2 yieldṡ
Using (Equ.46) in (Equ.48) leads tȯ
In order to render (Equ.49) into a negative-definite function, we introduce the following controller through the error dynamicsξ (Equ. 38b).
where λ 2 > 0 is the second gain and also it is considered that δ andδ are originconvergent states, indicating that after some time τ 1 they lie into the linear domain of tanh(·). Introducing the controller (Equ. 50) viaξ 2 (see Equ. 38) in (Equ. 49) leads tȯ
considering P3 and P4 (Equ. 51) is rewritten aṡ
As long as λ 1 > 1 and λ 2 > 0,V 2 ≤ 0 which guarantees stability of the origin and boundedness of the solutions as t → ∞, i.e.
where γ ∈ R + stands for the stability region radius. However, we are interested in drawing conclusions about asymptotic stability of the states vector. For this reason, let us consider ν = (ξ, z) T and
which allows to rewrite (Equ. 52) aṡ
which is definite negative if A is positive definite, i.e. det[A] > 0. The latter holds if
and whose negativity is assured, since the upper bound remains negative, i.e.
where α min {·} stands for the minimum eigenvalue. Thus,V 2 < 0 and hence the 174 state-vector trajectories converge asymptotically to the origin, i.e. ξ 1 → 0 and z → 0, this means that ξ 2 → tanh(ξ 1 ) fulfilling the tracking objective.
176
Therefore, replacing (Equ. 50) in (Equ. 35) we obtain the final expression of the controller written as
Numerical results: a comparative study
In order to motivate the proposed strategy, we present, for comparative pur- The control integral and ES-LKF-based are described next:
184
Parameter value Table 2 : Dynamic parameters of the piezocantilever.
• Since the piezocantilever system (1) features a stable dynamic behavior (natural PD) we add an integral term, with gain k i = 10, activated
where ε = δ − δ d .
• Next, we have replaced the integral term by the estimation of the disturbance via the ES-LKF.
For both cases we activate the control action at t = 0. Remark. In Fig.9 it is shown that the compensation effect of both con- 
Firstly, it is presented the open-loop performance to observe the effect of the disturbance on the system's response while attempting to track circular trajec-206 tory. Next, the proposed estimation alongside the controller are included to compensate disturbances resulting from tracking a circular trajectory.
208
Real-time experiments were carried out using Matlab-Simulink which is linked to the dSPACE DAQ 1 via ControlDesk . Experimental parameters 210 are listed on the table 3.
Open-loop Experiments
212
During micro-positioning operations the piezocantilever's performance is significantly deteriorated mainly due to hysteresis and creep. Besides to these adverse effects, multi-DOFs (2DOF in our case) positioning tasks feature internal dynamic couplings, this is shown by the curves matrix in Fig.10 and Fig.11 . In the open-loop case we consider a control input including the desired trajectory PSD W Θi 0.01 without any feedback and/or disturbance estimation, i.e.
In Fig. 12 and Fig. 13 it is observed that the error between the reference and the position is quite significant reaching up to 30%. It is witnessed the need • The trajectory-tracking objective is performed using the measured posi-224 tion δ i and estimated velocity.
• The estimation of the lumped disturbance relies fully on the ES-LKF.
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The closed-loop scheme illustrated by 8. Bibliography 
